I. INTRODUCTION
H IGH-THROUGHPUT satellites and particularly Ka-band satellite communication systems are presenting new challenges in space and ground segments [1] . Wideband and highselectivity dual-band filters are required in this context to cover both transmission and reception frequency bands. As an example for the space segment, its use is suggested in [2] to enable increasing the number of reflector feeds using polarization and frequency diversity. Since both 20-and 30-GHz frequency bands are divided into adjacent subbands, dual-wideband filters with high selectivity are mandatory to ensure proper isolation. To the authors' best knowledge, no dual-wideband and high-selective filter is found in literature, which is dedicated for Ka-band satellite systems.
A single-band filter with low selectivity is presented in [3] , making use of a multilayer low-temperature co-fired ceramic structure. More recently, a Ka-band coupled-resonator filter im- plementing gap waveguide technology was proposed to isolate the Tx and Rx channels [4] . Despite the sharp selectivity, it is single-band. Miniaturized and wideband bandpass filters with low insertion losses have been proposed in the literature, such as multimode resonators and split-ring resonators (SRRs) [5] , [6] . Nevertheless, these refer to single-band filters. Miniaturized dual-band filters, such as [7] and [8] , could be scaled accordingly, but selectivity, bandwidth, and frequency bands ratio are not compatible with Ka-band requirements. A varactor tunable dual-band bandpass filter using stub-loaded stepped-impedance resonators is proposed in [7] , with close to 10-dB drop per 50 MHz at 900 MHz, which, at 20 GHz, would translate approximately to a 10-dB drop per 1 GHz, not providing proper isolation between adjacent subbands in Ka-band. A dual-band balun passband filter is shown in [8] , but although high selectivity is achieved, it is a narrowband solution with 100-MHz bandwidth at 9 GHz with very close passbands, 9 and 9.8 GHz.
The transmission in SRR-loaded cutoff rectangular waveguides has been addressed in [9] to demonstrate "left-handed" media behavior. It shows a narrow passband with very high insertion losses. A different approach is presented in [10] , where the coax-to-waveguide transition is designed directly in the cutoff section of the waveguide, near the SRR E-plane array. This allows extending the device test band far beyond the common waveguide bands. Simulations and measurements in [10] reveal a second passband with very small insertion loss, still below the waveguide cutoff frequency, which could be explored to produce compact filters. While the first resonance is associated with a "left-handed" behavior, the second resonance has a different nature, corresponding to a positive and high effective permittivity of the cutoff waveguide plus the SRRs assembly [10] . This letter goes further, proposing a dual-band filter with high selectivity, modifying the waveguide configuration.
II. DUAL-BAND FILTER DESIGN
The waveguide configuration is a modified version of [10] , short-circuited at both ends and fed through a coaxial cable with the central conductor extended as a monopole probe; see 4) The number of SRR elements is given by the ratio between
Waveguide height is defined by the largest SRR element. 6) Subwaveguides' width corresponds to the minimum one that enables propagation at the passband. The rectangular waveguide internal cross-section dimensions were optimized as 6.6 × 4.5 mm 2 (a × b). The waveguide, with length L = 38 mm, is carved in Brass (σ = 1.59 × 10 7 S/m). It is physically separated into two narrower parallel subwaveguides by an E-plane metal wall of shorter length L G = 26.8 mm, ending 2 mm off from the monopole probes located in the same plane; see Fig. 1(a) . Considering the probe orientation, each subwaveguide fundamental TE 10 mode associated to the largest 4.5-mm dimension is not excited, being the cutoff frequency given by the TE 01 mode. The 20-GHz subwaveguide has an H-plane width a 20 = 3.7 mm (cutoff frequency is f c20 = 40.5 GHz), while the 30-GHz side has an H-plane width a 30 = 2.9 mm (f c30 = 51.7 GHz). The cutoff frequencies correspond to the lowest mode with no electric component along the x-axis.
Each of these subwaveguides is loaded in the E-plane with an array of SRRs printed on a substrate with copper ground plane on the other face (σ = 5.8 × 10 7 S/m). The SRRs substrates, with a length L L = 30.8 mm, are positioned with the respective ground planes coincident with the above referred central conducting wall. For clarity, the dielectric is made transparent in Fig. 1(a) . The substrate is Rogers 5880 (ε r = 2.2, tan δ = 0.0009) with 1.575 mm thickness on the 20-GHz side and 0.787 mm thickness on the 30-GHz side. These SRR arrays produce a high effective permittivity loading that ensures propagation conditions in the 20-and 30-GHz sides.
The 20-GHz array of SRRs is centrally positioned with respect to the waveguide top and bottom walls, while the 30-GHz array of smaller SRRs' elements is shifted 0.6 mm upwards, enabling adequate coupling between the probe and the first SRR. The probes, with a diameter = 0.51 mm and length L p = 2.7 mm, are parallel to the SRRs plane and placed d p = 3.85 mm off from the waveguide short-circuit wall; see Fig. 2 . The position, diameter, and length of the probes are of critical relevance since they have to couple simultaneously with both arrays of SRRs at very distinct bands.
The filter high selectivity is determined by the high number of SRRs on both sides, seven elements for 20 GHz and nine elements for 30 GHz. The choice of seven elements instead of six allowed to increase the filter selectivity, but the distance between elements becomes shorter than λ/2 as it will be shown. Circular ring is the common SRR configuration [9] - [11] . However, for design and analysis simplicity, a square geometry is adopted for both inner and outer square arms; see Fig. 2 . In order to optimize the flatness and width of the passband, the SRRs' size and relative distance is not uniform. A scale factor is used to modify each SRR size with respect to the central one (the reference SRR, Table I ). The scale factors and distances between them are symmetrical with respect to the reference element (see Table II ). The full length and distance between SRRs are shown in Table III . fli and flo are the full length of the inner and outer rings of each SRR, respectively.
The main design challenge is to achieve uncoupled propagation at the 20-and 30-GHz subwaveguides with well-defined and separate bandpass regions. Besides these bandpass regions, each SRR-loaded subwaveguide further exhibits a high-pass behavior that must be kept well beyond the bandpass region in both bands. The separation between these regions is critical for the 20-GHz subwaveguide where the high-pass cutoff frequency (f hp20 ) must be higher than 30 GHz. With smaller a 20 or c 20 dimensions, thinner or lower-permittivity substrate shift up To illustrate the abovementioned subwaveguide independence, Fig. 3 presents the E-field magnitude on both sides of the waveguide for the central frequency of the two passbands, 19 and 29 GHz. The color scheme covers a 30-dB range. The E-field magnitude is represented at y = 1.75 mm, Fig. 3 , coincident with both SRRs' top arms. The 20-GHz subwaveguide is not completely off at 29 GHz, see Fig. 3(b) , but nearly 20 dB below the magnitude of the wave propagating on the 30-GHz side. On the other hand, it is clear that at the 30-GHz side, there is no propagation at 19 GHz, see Fig. 3(a) . Fig. 4(a) shows the corresponding s 11 and s 22 , slightly asymmetric due to the nonsymmetric configuration of the SRR array. Two passbands are achieved, with central frequencies at 19 and 29 GHz and bandwidth larger than 1 GHz. The first and second passbands have 1.6 and 2.5 dB insertion loss, respectively; see Fig. 4(b) . Although some losses are due to the substrate, the main contribution comes from the SRRs material. Simulations show that the insertion loss reduces to 0.65 dB when the SRRs' copper is replaced by perfect electric conductive material and drops to 0.3 dB when also considering lossless substrate.
There is an accentuated ripple at the 30-GHz band, not visible at the lower band, which is due to vestigial propagation at the 20-GHz subwaveguide, interfering with the 30-GHz subwaveguide propagation.
III. PROTOTYPE AND MEASUREMENTS
A prototype was manufactured with a waveguide consisting of three brass pieces (see Fig. 5 ): a block with the carved waveguide, two closing lids, and two coaxial probes. A mechanism was incorporated to allow fine control of the probe penetration in the waveguide. Measured and simulated s 21 curves of the empty waveguide are shown in Fig. 6 as an intermediate control step. Good agreement is achieved, although the prototype already presents around 2 dB higher insertion losses than predicted. The discrepancy is probably due to imperfect cavity closing and probe inaccuracies.
Both SRR arrays were manufactured with printed circuit technology using Rogers 5880 substrate. The two arrays were glued with the respective ground planes facing each other; see Fig. 7(a) . In order to enforce conductivity between these ground planes and the waveguide top and bottom walls, the top and bottom faces of the SRRs block were painted with a conductive ink. SRRs' arrays are aligned inside the waveguide with a Styrofoam; see Fig. 7(b) . This arrangement is prone to misalignment errors as well as conductivity issues. However, it was considered valid for the proof of concept. Measurements showed a 1.5% frequency shift as well as transmission degradation. Further to the previously described limitations of the prototype, the anisotropy of the dielectric constant and loss tangent play a relevant role in this resonant structure. The previous filter was resimulated considering the anisotropy values specified in the manufacturer data sheet [12] . Measurements are superimposed on the resimulated waveguide results in Figs. 8 and 9 . For simplicity, only s 22 is presented, but similar performance is obtained for s 11 . The frequency agreement is significantly improved. Nevertheless, increased insertion loss is verified, 4 and 7 dB at 20-and 30-GHz bands, respectively. Two main factors contribute to the increased insertion losses: substrate anisotropy (3 dB at 30 GHz) and manufacturing innacuracies (empty cavity exhibits 2 dB of dissipated energy at 30 GHz, Fig. 6 ). A transmission drop in the middle of the 30-GHz band results from the proximity of the SRRs to the subwaveguide top wall, becoming more evident when including the conductive ink, reducing the waveguide height. Two possibilities would allow eliminating the transmission drop, either shifting the SRRs elements down or increasing the waveguide height in order to compensate the conductive ink thickness.
The s 21 roll-off at the two passbands is presented in Fig. 10 using an enhanced logarithmic scale for the abscissa. The logarithm scale takes the frequency band's lower and higher limits as reference. It is seen that the filter has larger than 55 dB/decade roll-off rate at both passbands and for both frequency edges, corresponding to more than 10-dB drop per 0.2 GHz.
IV. CONCLUSION
A new dual-band filter is proposed for the satellite Ka-band. Simple design guidelines are presented, addressing the bandwidth, passband independence between the two subwaveguides, and tuning of both bands.
A prototype was manufactured and characterized experimentally. A 50-dB/decade roll-off was achieved with a 38 × 6.6 × 4.5-mm 3 device. The use of SRRs in a cutoff waveguide configuration proved to be viable for the design of wideband and high selectivity dual-band filters. The second resonant mode of the SRRs embedded in a waveguide demonstrated in [10] proved to be tunable and favorable to high selectivity, controllable bandwidth, and low insertion losses even in a dual-band configuration.
